White clover (Trifolium rep ens L.) and four other species were grown in water culture with and without sulphur, and a semi-quantitative comparison was made of the free amino acid contents, using paper chromatography.
I. INTRODUCTION
It is well known that sulphur deficiency results in profound changes in the nitrogen metabolism of plants. Protein synthesis is checked and soluble organic and inorganic nitrogenous compounds accumulate. Nightingale, Schermerhorn, and Robbins (1932) found a greater amount of free amino and amide nitrogen in sulphur-deficient tomatoes than in the normal plants. Similar results were reported _ by Eaton (1935 Eaton ( , 1941 Eaton ( , 1942 in soybean, sunflower, and mustard, and by Anderson and Spencer (1950) in flax, oats, and subterranean clover plants. Mertz, Singleton, and Garey (1952) measured, microbiologically, the arginine, aspartic acid, glutamic acid, and methionine contents of hydrolysed dialysates of the leaves and stems of alfalfa of both the normal and sulphur-deficient plants, and found greater amounts of arginine and aspartic acid in the hydrolysates of the deficient plants. No distinction was made between the amount of free aspartic acid in the plants and that derived from asparagine by hydrolysis. In the present experiments, paper chromatography has been used as a semi-quantitative method to examine the free amino acid contents of several plant species as affected by sulphur deficiency.
II. EXPERIMENTAL (a) Cultural Method
White clover (Trifolium repens L.) var. Ladino, the legume Desmodium uncinatum DC., flax (Linum usitatissimum L.), tomato (Lycopersicon esculentum Mill.) var. Grosse Lisse, and barley (Hordeum vulgare L.) var. Spratt Archer were grown in water culture with and without added sulphate. The white clover, tomato, * Division of Plant Industry, C.S.I.R.O., Plant and Soils Laboratory, Brisbane. flax, and barley plants were grown in the months of July, August, and September of 1954 , and D. uncinatum in February and March 1956 . After germination in vermiculite the seedlings were transferred to nutrient tanks. The nutrient solutions contained· the following salts in the number of milligrams per litre shown: Ca(NOa)2'4H20 (945); MgCI 2 ·6H 2 0 (407); NH 4 H 2 P0 4 (115); MnCI 2 ·4H 2 0 (3·55); CuCI 2·2H 20 (0·06); ZnCl 2 (0·10); HaBOa (1·43); H 2 Mo0 4 ·H 2 0 (85 per cent. MoOa) (0'09). Potassium, sulphur, and additional nitrogen were given to the normal plants as K 2 S0 4 (521 mg/l) and NH 4 NO a (240 mg/l). The sulphur-starved plants were given potassium and extra nitrogen.as KNO a (607 mg/l). Iron was added as required (0·6 ml/l of a solution containing 0·36 per cent. FeCI 2 ·4H 2 0 and 0·4 per cent. tartaric acid added two or three times weekly). The nutrient solutions were renewed at intervals of 14 days.
(b) External Effects of Sulphur Deficiency
Symptoms of deficiency were evident in all species 4-5 weeks after germination, when the young leaves of the deficient plants were a yellowish green colour. Successive leaves were severely affected, so that at the time of final sampling, apart from a few older leaves, all tissue was of a uniform pale yellowish green colour. In addition, the stems and midribs of the tomato, and to a lesser extent, the white clover plants, bore a purple pigmentation. The leaf areas and stem and petiole diameters were much reduced, and more particularly in the white clover, the stems and petioles had become stiff and woody. These symptoms agreed with those reported by Nightingale, Schermerhorn, and Robbins (1932) and Eaton (1935 Eaton ( , 1941 Eaton ( , 1942 in tomato, soybean, sunflower, and mustard.
(c) Analytical Procedure
Analyses of normal and deficient plants were made when the deficient plants showed severe deficiency symptoms. White clover grown by successive weekly plantings was sampled 7 weeks after germination. Material from the other species was taken from plants grown at a single sowing, at intervals of 7 days. Fresh leaves, and in some instances, whole tops (1·5 g) were ground and ,extracted with 75 per cent. ethanol. The extract (20-25 ml) was evaporated to dryness under reduced pressure at about 35°C and stored over P 205'
In preparing two-dimensional chromatograms of the free amino acids, the extract was dissolved in 200 fLl water and 10 fLl of this solution applied to the papers. The chromatographic development was effected after the method of Dent, Stepka, and Steward (1947) with water-saturated phenol as first solvent and 2,4/2,5 lutidinewater (100 :80) as second solvent. The separation in lutidine was carried out at 10°C. The amino acids were detected on the paper by spraying with 0·1 per cent. ninhydrin in ethanol and heating at 90°C for 7-10 min. Quantitative determinations were not attempted, but an indication of the relative amounts of the amino acids on the chromatograms was obtained from the sizes and colour intensities of the spots which were graded into nine intensity groups. In the case of D. uncinatum a more precise estimate was made of the proportionate increase of arginine in the sulphur-deficient plants. This was done by comparing the spot areas and colour intensities of the ninhydrin compound on a number of chromatograms prepared from a series of dilutions of the extract of the deficient plants, with that of the standard amount of the extract of the normal plants. The amino acids were identified by chromatographic comparison with known substances. The identity of arginine was confirmed by means of the Sakaguchi reaction (Consden, Gordon, and Martin 1946) . Citrulline was first detected by the ninhydrin reaction as a spot on the chromatograms situated between glutamine and y-aminobutyric acid, though it somewhat overlapped and had travelled slightly further than glutamine in lutidine. It was distinguished from ,a-alanine, which also occurs approximately in this position, by spraying with Erlich's reagent (Dent 1948) . The identity of the citrulline was confirmed by production of the 2,4-dinitrophenyl derivative, using the procedure first introduced by Sanger (1945) , followed by chromatographic comparison with the 2,4-dinitrophenyl derivative of synthetic citrulline.
Sulphur-deficient flax plants (30 g fresh weight) were extracted with 75 per cent. ethanol. Inorganic anions and non-electrolytes were removed by passing the extract through an "Amberlite IR-120" column (38 X 1·5 cm, containing 54 g moist resin) in the hydrogen form and washing with water. The column was then washed with N NH40H; this displaces all the amino acids except arginine, which is however eluted under these conditions. The movement of arginine was followed by means of the Sakaguchi reaction. After evaporation to dryness the solid material was dissolved in water and again applied to the regenerated column. The acidic and neutral amino acids were eluted with N HCl (250 ml), the column washed with water to remove chloride ions, and the basic amino acids displaced with O·lN NH 4 0H (100 ml). The eluate was collected in 5-ml fractions. The fractions giving positive Erlich's reaction were bulked, evaporated to dryness under reduced pressure, and dissolved in water. The solution was then passed through an "Amberlite IR-41O" columI?-, (9 xO·9 cm, 5 g moist resin), in the hydroxyl form and the column washed witn water. A trace of arginine which remained was, by this means, separated from the other amino acids, since it was not taken up. Basic substances absorbed by the column were displaced with O·lN HCl, the hydrochloric acid removed from the eluate, and the amino acids dissolved in 4 ml water.
By adding sodium carbonate (40 mg) and 1,2,4-fluorodinitrobenzene (39 mg) in ethanol (I ml) to I ml of this solution, dinitrophenyl derivatives of the amino acids were prepared. The mixture was shaken for 2 hr at 40°C, the ethanol removed, and the aqueous solution diluted to 5 ml and extracted with ether (5 X 2 ml) to remove excess of the fluorodinitrobenzene. After acidification with 6N HCl to pH 2 the aqueous solution was extracted with (5 X 5 ml) 5 per cent. butanol in benzene (v/v) . The 2,4-dinitrophenyl derivatives not extracted by this solvent were extracted with 10 per cent. 6N HCl in methyl ethyl ketone (3 X 2 ml) and the acid removed under reduced pressure. The derivatives from the ketone extraction were then dissolved in 15 per cent. butanol in benzene (v/v) . One-dimensional chromatograms of the 2,4-dinitrophenyl derivatives of both the butanol-benzene and the methyl ethyl ketone extracts were prepared on Whatman No. I filter paper, using the two separate solvent systems toluene-chloroethanol-pyridine-O·8N ammonia (5 : 3 : 1·5 : 3) and 1·5M aqueous phosphate buffer (M NaH 2P04 +O'5M Na 2HP04 ) (Levy 1954) . The presence of citrulline was confirmed by chromatographic comparison of the 2,4-dinitrophenyl derivative of synthetic citrulline in both solvent systems with the derivative from the plant extract. The 2,4-dinitrophenyl derivative of citrulline occurred chiefly in the methyl ethyl ketone extract. The' R F values, while somewhat variable, were of the order of (} 1 in toluene-chloroethanol-pyridine-ammonia and 0·4 in aqueous phosphate buffer. That lysine also occurred was indicated by the presence of a weak spot, R F approximately 0·8 in toluene-chloroethanol-pyridineammonia, and 0·05 in the phosphate buffer (Levy 1954) . Figure 1 shows the effect of sulphur starvation on the free amino acids of the five species examined. The data are arranged in blocks according to treatment. Each column within a block shows the results from a single plant extract; in most instances of course, it represents only a typical result from more than one extract examined. The intensities of the various spots on the chromatograms due to amino acids (derived always from a constant fresh weight of plant material), are represented by the numbers of dots (3-27) entered in the diagram. A blank space indicates that no ninhydrin spot could be detected.
III. RESULTS
It should be remembered that in the diagram the numbers of dots used to indicate the intensity groups form a linear series, whereas the intensity groups themselves, since they depend on visual judgment, presumably represent an exponential series much more nearly than a linear series in terms of colour on the chromatograms, and therefore of quantity of amino acid present; i.e. as a visual impression the diagram underrates the colour differences to be seen on the chromatograms between the higher intensity groups relative to those between the low intensity groups. Bearing this in mind, the method used here to represent roughly the amounts of the substances gives a reasonably accurate picture of their actual variations in so far as any single amino acid is concerned; but owing to the individual behaviours of the different amino acids in the ninhydrin reaction, the assessment of the colours does not, of course, always properly reflect the relative amounts of two different substances.
Earlier workers have found that sulphur deficiency in plants results in an increase in the free amino acids and amides. This effect can clearly be seen from the figure. However, not all the amino acids are increased as a result of reduced 'sulphur supply. The high arginine content in sulphur-deficient D. uncinatum is particularly striking. The amount of this substance in the deficient plants was estimated to be 150 times greater than that found in the normal plants. Glycine, serine, and asparagine were also significantly increased. On the other hand, the glutamic acid content was much reduced. Glutamine, which occurred in trace amounts only in the normal plants, was not appreciably changed by the treatment. The effect of sulphur deficiency on white clover compared very closely with D. uncinatum, though the changes in the amino acid contents were less pronounced. The arginine accumulation in the leaves was relatively slight; however, it is of interest that this substance occurred in quite high concentration in the roots of these plants.
Of the three remaining species, perhaps the outstanding effect of the treatment was the extremely large accumulation of glutamine in the sulphur-deficient tomato plants. The increase of this substance in these plants reached almost the proportions of arginine accumulation in D. uncinatum. In these plants too there was a marked reduction in the amount of glutamic acid and increases of arginine, glycine, serine, and asparagine occurred. Less pronounced effects were seen in the deficient barley plants. Arginine was again increased, though in minor amount, and there were increases of glutamine, asparagine, glycine and serine, while the amount of glutamic acid in these plants was appreciably less than that in the normal plants. While sulphur deficiency in flax resulted in a high arginine accumulation, and some increase in glycine, the remaining amino acids were much less affected by the treatment in this than the other species. However, citrulline, which has not been detected in normal flax, was shown to be present in the deficient plants.
Though the amino acid changes resulting from sulphur starvation in all five species examined had many features in common there were also some distinctive effects for, while amide accumulation occurred in each instance, this accumulation was not attributable to a common amide. A marked increase in asparagine was found in the deficient leguminous species, glutamine in tomato, and to a minor extent in flax, while an equal amount of both amides appeared in barley. It is of interest that the amide present in greatest amount in the deficient plants was that which predominated in the normal plants.
IV. DISCUSSION
This paper establishes that sulphur-deficient white clover, D. uncinatum, tomato, and flax plants have a high arginine content. This finding is in conformity with the work of Mertz, Singleton, and Garey (1952) who showed that this amino acid occurred in increased amount in sulphur-starved alfalfa. Arginine accumulation, which varies in degree between species (only a small increase was found in barley), may well be associated with sulphur deficiency in many plants.
Deficiencies of some other essential elements have also been associated with arginine accumulation. Richards and Berner (1954) have shown that this amino acid occurs in increased amount in potassium-starved barley. A similar effect was reported by Holley and Cain (1955) who found a higher concentration ofthis substance in the leaves of blueberry, apple, and magnolia plants affected by an iron-deficiency type chlorosis than in the leaves of normal plants. Deficiencies of potassium, iron, and sulphur have each been associated with a decrease in protein and an increase in the free amino acids of plants. Hewitt, Jones, and Williams (1949) reported that manganese deficiency in cauliflower resulted in increased arginine, though it is not known if this deficiency is concerned with protein metabolism. The accumulation of arginine in common with these deficiencies is of interest alike to those concerned with pathways in amino acid metabolism, and with the functions of the elements within the plant. Mertz, Singleton, and Garey (1952) suggested that the accumulated arginine in sulphur-deficient alfalfa may be concerned with nitrogen storage. In this connection, in a small series of experiments, the author has found a higher content of free arginine in the rhizomes of bracken than in the fronds, although whether this was related to storage is not known. However, free arginine has rarely been found in high concentration in normal plants, and its association with mineral deficiencies suggests that its appearance in supranormal amounts results directly from a disruption of nitrogen metabolism. Either the increased amino acid is derived from protein breakdown, or a block in amino acid metabolism has occurred. The latter could be associated either with the failure of some essential function of an element, or, in the case of sulphur, with the lack of a sulphur containing metabolite. Further evidence is needed before this matter can be clarified.
Referring to the origin of free arginine in normal plants, apart from that arising through proteolysis, work in progress shows that both white clover and barley accumulate this amino acid when given citrulline through the roots or stems. Experiments with L-citrulline-14C should establish whether arginine is in fact derived from the citrulline supplied. Significantly, sulphur-deficient flax contains citrulline in addition to increased arginine.
In connection with amide accumulation, it is of interest that while the free amide in the deficient plants was relatively high, the asparagine and glutamine contents of different species variedconsi~erably. Asparagine predominated in sulphur-deficient white clover and D. uncinatum, glutamine in tomato and flax, while barley contained about equal amounts of both substances. Vickery, Pucher, and Deuber (1942) , working with normal plants, found asparagine to be the prominent amide of lupine and soybean s~edlings, while glutamine was prominent in squash (Cucurbita pepo L.) (Vickery and Pucher 1943) . Noteworthy is the fact that in the present work the predominant amide in the normal plant was also the amide which accumulated in the deficient plant, that is asparagine in leguminous species and glutamine in tomato. Further, the metabolism of glutamic and aspartic acids may be mentioned. Glutamine is readily formed from glutamic acid and ammonia in many plants (Webster 1953 ) and such a conversion may well explain the high glutamine content of sulphur-deficient tomato leaves, where glutamic acid was greatly depleted. Asparagine is similarly formed from aspartic acid and ammonia in some plants (Webster and Varner 1955) , and this may be the pathway of asparagine metabolism in the sulphur-deficient leguminous species. However, further facts are needed to explain the differences in amide metabolism noted between the legume D. uncinatum, where no glutamine was accumulated in the deficient plants despite the fact that a pronounced reduction of glutamic acid had occurred, and that of tomato, where a very significant accumulation was associated with a comparable reduction of glutamic acid.
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